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Abstract 
A series of poly(2-hydroxyethyl acrylate–co-itaconic acid), P(HEA/IA), hydrogels with differ-
ent HEA/IA ratio, were synthesized using free radical crosslinking/copolymerization and 
investigated as sorbents for Pb2+ from aqueous solutions. Hydrogels were characterized
using DMA, FTIR, DSC, SEM and AFM. The adsorption was found to be highly dependent on
hydrogel composition, solution pH, sorbent weight, ionic strength and contact time. Five 
isotherm models, Langmuir, Freundlich, Redlich–Peterson, Temkin and Dubinin–Radush-
kevich, were applied to the sorption data. The best fit was obtained with Redlich–Peterson 
isotherm. The separation factor, RL, value indicated favorable sorption for Pb2+. The maxi-
mum sorption capacities were 392.2 and 409.8 mg/g for P(HEA/2IA) and P(HEA/10IA), res-
pectively. Kinetic data showed best fit with pseudo-second-order model. Thermodynamic 
studies revealed that the reaction was exothermic and proceeds with a decrease in ent-
ropy. Moreover, P(HEA/IA) hydrogel showed the most pronounced sorption toward Pb2+
from environment containing Cu2+, Zn2+, Cd2+, Ni2+ and Co2+. Sorption/desorption expe-
riments, showed that the P(HEA/IA) hydrogels could be reused without significant loss of 
the initial properties even after three adsorption–desorption cycles. 
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The increasing level of heavy metals such as lead, 
that are discharged into the environment as industrial 
wastes, represent a serious threat to human health, 
living resources, and ecological system [1,2]. Lead is an 
important element used as an intermediate in pro-
cessing industries such as plating, paint and dyes, glass 
operations, and lead batteries. The toxicity of lead 
comes from its ability to mimic biologically important 
essential metals, mainly calcium, iron, and zinc. Lead 
inhibits some enzymes that cause poisoning in humans 
[3]. Therefore, lead has been classified as priority pol-
lutant by the US Environmental Protection Agency 
(EPA) and the maximum contaminant level (MCL) of 
lead ions in drinking water has been set at a low level 
of 0.015 mg/l by EPA [4]. Various technologies have 
been applied to remove lead from water. These include 
chemical precipitation, ion exchange, membrane filt-
ration and reverse osmosis [5]. Among them, adsorp-
tion has been recognized as a cost-effective alternative 
for removing metal ions existing in wastewater [6–10]. 
Hydrogels are cross-linked hydrophilic polymers 
which, when immersed in water can uptake large 
amount of water. Environmentally sensitive or “smart” 
hydrogels are able to change their volume by more 
than one order of magnitude in response to different 
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parameters such as temperature, pH value, light, ion, 
and substance concentrations [11]. Due to character-
istic properties such as tailored swelling and ability to 
incorporate different functional groups into polymeric 
network, hydrogels have found a great application as 
sorbents for heavy metal ion removal from wastewater 
[12]. 
Hydrogels based on 2-hydroxyethyl acrylate (HEA) 
were previously investigated regarding their sorption 
characteristics [13–17]. All studies clearly indicate that 
hydrogels based on HEA are promising sorbents for 
removal of heavy metal ions from aqueous solutions. 
Itaconic acid (IA) is a water soluble monomer having 
two carboxylic acid groups. Due to its double function-
ality, IA polymers offer interesting possibilities as func-
tional polymers for wastewater treatment. 
In this study, pH sensitive hydrogels, based on 
2-hydroxyethyl acrylate and itaconic acid, were syn-
thesized by free radical crosslinking/copolymerization 
and used as sorbents to remove Pb2+ from aqueous 
solution. With regard to good sorption capabilities of 
both HEA and IA, it was assumed that HEA/IA copoly-
mers would show improved sorption compared to cor-
responding homopolymers. Besides, in many papers 
dealing with Pb2+ sorption high values of sorption cap-
acities were obtained for low initial concentrations of 
metal ions, but there is a lack of papers presenting 
good sorption performance for high initial concentra-
tions of heavy metal ions. The hydrogels were charac-
terized using differential scanning calorimetry (DSC), 
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scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR) and atomic force micro-
scopy (AFM) analyses. The influence of initial pH of the 
solution, adsorbent dosage, temperature and ionic 
strength on the lead ions adsorption on P(HEA/IA) hyd-
rogels were studied. Furthermore, the adsorption kin-
etics and isotherms of Pb2+ by P(HEA/IA), as well as the 
competitive ion adsorption were also analyzed. Finally, 
desorption and reusability of P(HEA/IA) hydrogels were 
investigated. 
EXPERIMENTAL 
Materials 
2-hydroxyethyl acrylate (HEA), ethylene glycol 
dimethacrylate (EGDMA), potassium persulfate (KPS) 
and N,N,N’,N’-tetramethylethylenediamine (TEMED) 
were purchased from Sigma–Aldrich, Germany. Itaconic 
acid (IA) was supplied from Fluka, Germany. Lead stock 
solution (1000 mg/L) was prepared by dissolving 
Pb(NO3)2 (Merck, Germany). Deionized water was used 
for all polymerizations and solution preparations. Ratio 
of water and ethanol in water/ethanol mixture (H2O/  
/C2H5OH) was 1:1. 
Hydrogel synthesis 
The P(HEA/IA) hydrogels were synthesized as 
described in the literature [16,18–22], with IA mole 
fractions of 2.0, 5.0, 7.0, and 10.0, respective to mono-
mer. The dimensions of the xerogel disks used in each 
experiment were 0.450±0.010 cm (average in diameter) 
and 0.150±0.010 cm (average in thickness). 
Characterization techniques 
The hydrogels were characterized before and after 
lead adsorption. Fourier transform infrared (FTIR) spec-
tra of the hydrogels were recorded in the transmission 
mode using a Bomem 100 FTIR spectrophotometer. 
Before recordings, xerogels were crumbled into pow-
der and mixed with potassium bromide (Merck IR spec-
troscopy grade) in the proportion 1:100, and then 
compressed into a 12-mm semi-transparent disk under 
pressure (Pressure gage, Shimadzu). The glass tran-
sition temperatures of P(HEA/IA) hydrogels were deter-
mined with a DSC (TA Instruments Q2000 system). The 
DSC was calibrated with metallic indium standards 
(99.9% purity). The hydrogel samples were desiccated 
for 24 h at 40 °C in vacuum, and tested in crimped 
aluminium pans at a rate of 20 °C/min, under nitrogen 
gas flow (50 mL/min), in the temperature range of –50 
to 150 °C to eliminate any residual water. Scanning 
electron microscope (SEM) was used to investigate the 
hydrogels morphology. Measurements were taken on a 
JEOL JSM-5800 scanning electron microscope. Hydrogel 
samples, swollen to equilibrium in distilled water and 
lead solution, were freeze-dried using a Modulyo 
Freeze Dryer System Edwards, lyophilized, fractured 
and finally, covered with gold vapor before scanning. 
Atomic force microscopy (AFM, AutoProbe CP Res-
earch, TM microscopes) in non-contact mode was used 
to investigate the surface topography of the hydrogels. 
Dynamic–mechanical analysis (DMA) was performed on 
Discovery Hybrid Rheometer HR2 (TA Instruments) 
operating in shear mode, parallel plate geometry. Dia-
meter of the plates was 25 mm. The storage modulus, 
G’, was measured as a function of frequency (varied 
from 0.1 to 100 rad/s) at a shear strain of 1% at 25 °C.  
The aqueous phase concentration of Pb2+ was det-
ermined by ICP-OES Thermo iCAP 6500 system, equip-
ped with the Thermo iTEVA software, a concentric 
nebulizer, and a Cyclonic Spray Chamber. Blank and 
calibration standards were prepared in 2 % nitric acid 
for all the measurements. 
Sorption experiments 
To investigate the effects of pH, sorbent dosage, 
contact time, ionic strength, temperature, initial metal 
ion concentration, and presence of other metal ions 
batch sorption experiments were carried out. All exp-
eriments were carried out in 80 ml flasks containing 50 
ml of aqueous solution of heavy metal ions and around 
0.03 g of hydrogel. The solutions were stirred with a 
constant speed of 100 rpm for 48 h.  
pH of the aqueous phase was adjusted with dilute 
NaOH or HNO3 and measured with a Hanna pH meter 
using a combined glass electrode. In order to inves-
tigate the effect of temperature and sorbent dosage on 
sorption process, the equilibrium sorption measure-
ments were carried out at 10, 25 and 50 °C and hyd-
rogel mass within the range 0.008–0.09 g. To study the 
influence of ionic strength on the sorption, ionic 
strengths of the solutions were adjusted with NaCl 
concentration range from 0–0.3 mol/L. 
The amount of sorbed heavy metal ions, q (mg/g) 
and sorption efficiency (%) were calculated using Eqs. 
(1) and (2): 
( )0 e
s
V c c
q
m
−
=  (1) 
( )0 e
0
100
Sorption  efficiency (%)
c c
c
−
=  (2) 
where c0 (mg/L) and ce (mg/L) are the initial and final 
concentration of heavy metal ions, V (L) is the volume 
of the solution, and ms (g) is the weight of dry hydrogel. 
All experiments were carried out in triplicate and aver-
age results are reported. 
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Competitive sorption 
Competitive heavy metal ion sorption from artificial 
water (containing Pb2+, Ni2+, Cd2+, Cu2+, Zn2+ and Co2+) 
was investigated. A series of solutions containing dif-
ferent combinations of heavy metal ions were pre-
pared. The experiments were conducted as described 
above, with initial concentration of each metal 10 
mg/L. 
Desorption and regeneration experiments 
Desorption efficiency and regeneration potential of 
P(HEA/IA) hydrogel were also studied. In order to det-
ermine the most effective desorption medium, desorp-
tion was examined with different concentrations of 
CH3COOH, HCl and HNO3. To determine the potential 
reusability of the hydrogels, desorption process was 
carried out in a 0.1 M HNO3 aqueous solution, and 
consecutive sorption–desorption cycles were repeated 
three times using the same adsorbent. Desorption effi-
ciency was calculated using the following equation: 
Desorption  efficiency (%)
Amount of desorbed metal ions100
Amount of sorbed metal ions
=
=
 (3) 
Sorption kinetics 
To evaluate the kinetics of the sorption process, 
pseudo-first order [23] and pseudo-second order [24] 
models were tested to interpret the experimental data. 
The linear forms of those kinetic equations can be exp-
ressed as: 
Pseudo-first order equation: 
1
e elog( ) log 2.303t
kq q q t− = −  (4) 
Pseudo-second order equation: 
2
e2 e
1 1
t
t t
q qk q
= +  (5) 
where qe and qt (mg/g) are the sorption capacities at 
equilibrium, and at time t (h), respectively; k1 (h–1) is 
the pseudo-first order rate constant and k2 (g/mg h) is 
the pseudo-second order rate constant. The rate cons-
tants k1 and k2, as well as predicted qe values, were 
determined from the slope and intercept of plots ln 
(qe–qt) vs. t and t/qt vs. t, respectively. 
Sorption isotherms 
Sorption of Pb2+ by P(HEA/IA) hydrogel was mod-
eled using five adsorption isotherms: Langmuir, 
Freundlich, Redlich–Peterson, Temkin and Dubinin– 
–Radushkevich. The linear forms of listed models are 
presented in Table 1. 
Thermodynamic parameters 
The thermodynamic parameters can be determined 
from the thermodynamic equilibrium constant, Kc (or 
the thermodynamic distribution coefficient). The stan-
dard Gibbs energy change ΔG⁰ (kJ/mol), standard enth-
alpy change ΔH⁰ (kJ/mol), and standard entropy change 
ΔS⁰ (J/(mol K)) were calculated using the following 
equations: 
s
c
e
cK
c
=  (6) 
ClnoG RT KΔ = −  (7) 
o o
Cln
S HK
R RT
Δ Δ
= −  (8) 
where Kc is the equilibrium constant, cs is the amount 
of metal ions sorbed at equilibrium (mg/L), ce is the 
amount of metal ions remained in the solution (mg/L), 
R is the universal gas constant (kJ/(mol K)), and T is the 
solution temperature (K) [25] 
Values for ΔS⁰ and ΔH⁰ are obtained from the slope 
and intercept of a plot lnKc vs. 1/T according to Eq. (8) 
and the ΔG⁰ values were calculated from the two 
parameters using Eq. (7). 
Table 1. Sorption isotherm models used to fit the adsorption experimental data 
Isotherm  Equation Reference 
Langmuir 
e m m L e
1 1 1 1
q q q K c
= +  
[40] 
Freundlich 
e F e
1ln ln lnq K c
n
= +  
[41] 
Redlich–Peterson 
e
R e R
e
ln 1 ln lncK c a
q
β − = +  
 
[42] 
Temkin 
T eln ln
RT RTq K c
b b
= +  
[43] 
Dubinin–Radushkevich (D–R) 2
e mln lnq q βε= −  [44,45] 
K.M. ANTIĆ et al.: REMOVAL OF Pb2+ FROM AQUEOUS SOLUTION Hem. ind. 70 (6) 695–705 (2016) 
698 
RESULTS AND DISCUSSION 
The FTIR spectra of P(HEA/10IA) hydrogels, pure 
and metal loaded are presented in Fig. 1. Sorption of 
Pb2+ onto P(HEA/10IA) hydrogel caused changes in int-
ensity and position of some absorption peaks. The 
broad peak at 3424 cm–1, assigned to stretching vib-
ration of –OH bond, is shifted to 3416 cm–1 after Pb2+ 
sorption. Strong peak, assigned to C=O stretching vib-
ration from carboxylic groups, was shifted from 1720 to 
1731 cm–1. The new peak at 1554 cm–1 appeared after 
Pb2+ sorption, which might be a result of interactions 
between Pb2+ and C=O. These results indicate that –OH 
and –COOH groups in the P(HEA/IA) hydrogel might be 
involved in the sorption process. The probable inter-
actions might be electrostatic interactions between 
Pb2+ and carboxylic groups. In order to further inves-
tigate this assumption we performed DSC analysis. 
Differential scanning calorimetry (DSC) was used to 
determine the glass transition temperature (Tg) of 
P(HEA/IA) hydrogel before and after Pb2+ sorption. For 
all copolymeric networks a single Tg value was clearly 
observed, indicating that all the samples are copoly-
mers. The observed glass transition temperatures of 
metal-free and metal loaded hydrogels are presented 
in Table 2. The increase of the Tg value after metal ads-
orption could be explained by the reduced mobility of 
polymer chains after the metal ion adsorption due to 
the additional crosslinking by Pb2+ [14]. 
The change of the Tg value after lead adsorption 
additionally confirms the assumption of the existence 
of interactions between the P(HEA/IA) hydrogel and 
the Pb2+. It could be expected that these interactions 
influence the hydrogel morphology, so the influence of 
the lead ions on morphology was examined by SEM and 
AFM analysis. Changes in morphology of unloaded and 
metal loaded samples are presented in Fig. 2. 
Inner morphology of metal free and metal loaded 
P(HEA/10IA) hydrogels was examined by cross sectional 
SEM analysis. The resulting micrographs are presented 
in Fig. 2. The structure of the unloaded sample (Fig. 2c) 
is highly porous with a characteristic honey-comb 
structure with open pore 3D structure. The reduction 
of the pores can be observed after sorption of lead ions 
(Fig. 2d). Upon sorption Pb2+ interact with COO– pre-
sent in the hydrogel. The electrostatic repulsive forces 
are diminished, which leads to decrease in the swelling 
degree and reduction of hydrogel pores [26]. 
Characteristic three-dimensional (3D) images of the 
hydrogel surface before and after metal sorption were 
recorded using AFM. Fig. 2a shows a predominantly 
hill-valley-structured surface with irregular pores of 
P(HEA/10IA) hydrogel before metal sorption. A visible 
change in surface topography is obtained after sorption 
of lead. Larger hill-structures of the reference sample 
are broken into smaller structures. Fig. 2b shows 
smoother surface of hydrogel after lead sorption, indi-
cating the interaction between lead ions and the hyd-
rogel.  
The mechanical strength and stability are among 
the most important properties of hydrogels considering 
their application in wastewater treatment. Hydrogels 
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Figure 1. FTIR spectra of P(HEA/10IA) hydrogel: a) before and b) after Pb2+sorption.
Table 2. Values of glass transition temperatures (Tg) of P(HEA/IA) hydrogels free and lead loaded and plateau storage modulus of 
P(HEA/IA) hydrogels swollen in deionized water and in Pb2+ solution (10 mg/L) 
Parameter P(HEA/2IA) P(HEA/5IA) P(HEA/7IA) P(HEA/10IA) 
Tg / °C (unloaded) 19.5 27.0 32.0 41.0 
Tg / °C  (lead loaded) 21.0 28.0 33.5 42.0 
Plateau storage modulus (deionized water), kPa 1.13 2.18 3.26 4.13 
Plateau storage modulus (Pb2+ solution), kPa 2.04 3.07 4.45 4.92 
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should have good mechanical properties in swollen 
state in order not to crumble apart during exploitation. 
Therefore, it is of great importance to investigate hyd-
rogel’s mechanical properties in conditions in which 
they are used. The storage modulus (G’) for P(HEA/IA) 
hydrogels, swollen to equilibrium in deionized water 
and in Pb2+ solution were measured and presented in 
Table 2, in order to determine the sample with the best 
mechanical strength. Frequency independent values of 
storage modulus are obtained for all samples in applied 
frequency range. Storage modulus is higher for samples 
swollen in solution of lead than for those swollen in 
deionized water, which indicates that embedding of 
Pb2+ reinforce the polymeric network. The reinforce of 
Pb2+ is a consequence of the fact that Pb2+ are electric-
ally bonded to two carboxylic anions and act as cross-
linker point. 
Also, with the increase of IA content in the sample 
G’ increases, improving the mechanical properties of 
hydrogel. The increase of G’ is more pronounced in 
samples swollen in deionised water because the inf-
luence of itaconic acid is partly screened in samples 
swollen in Pb2+ solution due to sorption on Pb2+. 
Sorption experiments 
The initial pH of the aqueous solution is an imp-
ortant parameter in the sorption process because it inf-
luences the protonation of the sorbent functional 
groups as well as the solution chemistry of the heavy 
metal ions [27–29]. Figure 3 presents the effects of the 
solution pH (2.0 to 7.0) on the sorption capacity of Pb2+ 
for P(HEA/IA) hydrogels. As it was expected, the sorp-
tion of lead ions is low in acidic medium (pH 2–3) due 
to the low dissociation of carboxylic groups of itaconic 
 
Figure 2. AFM images of the top surface of P(HEA/10IA) hydrogel: a) before sorption, b) after Pb2+ sorption. SEM micrographs: cross 
section morphology of: c) P(HEA/10IA) lead free and d) P(HEA/10IA) hydrogel lead loaded. 
 
Figure 3. The effect of initial pH on the sorption capacity of Pb2+ onto P(HEA/IA) hydrogels.
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acid. However, the uptake of Pb2+ was found to inc-
rease sharply when the pH value was increased from 
3.0 to 6.0. At pH > 5.5, ionization of both carboxylic 
groups of itaconic acid took place, the negative charge 
density on the sorbent increases, and increased sorp-
tion of lead ions is a result of electrostatic attraction 
between metal ions and negatively charged binding 
sites. In order to avoid the precipitation of metal ions 
and to achieve high efficiency, further experiments 
were carried out at pH 5.5. 
The effect of sorbent weight on the sorption cap-
acity and removal efficiency of Pb2+ is shown in Fig. 4a. 
According to the results presented, the sorption cap-
acity decreased with the increase of the sorbent 
weight, while the removal efficiency increased. This 
behavior is expected due to fact that the increase of 
sorbent weight increases the number of binding sites 
on the hydrogel surface available for the sorption of 
metal ions. Although the sorption efficiency of lead 
increased with the increase in the hydrogel mass due to 
the higher amount of active sites, the sorption capacity 
was reduced. These results were expected, and rep-
orted for many other sorption systems [30,31]. 
Ionic strength is a very important variable in the 
sorption process since high levels of various salts are 
often present in wastewater. Ions can have two oppo-
site functions: they may screen the electrostatic inter-
action of opposite charges of sorbents and sorbate 
molecules, so the amount of metal adsorbed in pre-
sence of salts is reduced, or they may enhance the 
degree of dissociation of the sorbate molecules and 
facilitate the amount of pollutant adsorbed [32]. The 
effect of ionic strength on the sorption of Pb2+ by 
P(HEA/IA) hydrogel was analyzed over the NaCl concen-
tration range from 0 to 0.3 mol/L. As shown in Fig.4b, 
along with ionic strength increasing, the sorption cap-
acity of hydrogel decreased. Therefore, it is obvious 
that the addition of salt screens the electrostatic inter-
actions of hydrogel with metal ions and makes the 
polymer chains shrink [33]. 
Sorption kinetics 
The sorption kinetic curves are presented in Fig. 5. 
The sorption capacity for Pb2+ increased rapidly at the 
beginning of the adsorption process: more than 80 % of 
the sorbed Pb2+ occurred within first 10 h. The kinetic 
data were analyzed using pseudo-first order and 
pseudo-second order models. As it can be seen from 
the Table 3, correlation coefficients for the pseudo-first 
order kinetic model were much lower, and the calcul-
ated equilibrium sorption capacities (qe,cal) deviated 
considerably from the experimental data. This is because 
in many cases, the pseudo-first order equation does 
not fit well to the whole range of contact time and is 
generally applicable only over the initial stage of the 
sorption process [34]. The results showed that the 
sorption process of Pb2+ onto P(HEA/IA) hydrogel fol-
lowed the pseudo second-order kinetic model and that 
the sorption is probably controlled by the chemical pro-
cess [35,36]. 
Sorption isotherms 
Sorption of Pb2+ by P(HEA/IA) hydrogel was modeled 
using the Langmuir, Freundlich, Redlich–Peterson, 
Temkin and Dubinin–Radushkevich isotherms. The 
applicability of the isotherm models to describe the 
sorption process was judged by the correlation coef-
ficient, R2. The obtained characteristic parameters of 
evaluated isotherm models are summarized in Table 4. 
As it can be seen from the Fig. 6, all applied sorption 
models result in nonlinear curve. The best interpret-
ation of the experimental data showed the Redlich– 
–Peterson isotherm compared to the other four iso-
therms. 
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Figure 4. The effect of: a) the sorbent weight and b) ionic strength on the Pb2+ removal from the aqueous solution onto P(HEA/IA) 
hydrogels. 
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Figure 5. Sorption kinetics of Pb2+ on P(HEA/IA) hydrogels 
(c0 = 10 mg L–1, m0 = 0.03 g, volume of solution 0.05 L, 
pH 5.5, T = 25 °C, contact time: 0.5–48 h). 
Dubinin–Radushkevich and Tempkin models have 
lower agreement with experimental data than the first 
three models for Pb2+. The values of the sorption cap-
acity obtained by D–R equation are higher than qm 
values obtained by Langmuir model, which is expected, 
since D–R model takes into account porous structure of 
a sorbent. 
Very important characteristic of the Langmuir model 
is dimensionless separation factor, RL, which indicates 
whether the sorption is favorable (0 < RL < 1), unfavor-
able (RL > 1), linear (RL = 1) or irreversible (RL = 0), and is 
given by Eq. (9): 
L
L 0
1
1
R
K c
=
+
 (9) 
where c0 is the maximal initial metal ion concentration 
(mg L–1) [37]. 
The values of the separation factors 0 < RL < 1 and 
the value for Freundlich exponent n > 1 (Table 4) indi-
cate that the sorption of Pb2+ onto investigated hydro-
gels is favorable. Moreover, the calculated RL values for 
all investigated concentrations (Table 5) point out that 
sorption is more favorable at higher initial metal ion 
concentrations. Sorption capacities for Pb2+ on differ-
ent sorbents reported in the literature are presented in 
Table 6. It is obvious that the qm values, obtained for 
the P(HEA/IA) hydrogels, are higher compared to the 
most of the previously investigated sorbents. 
Table 4. Parameters of investigated sorption models for sorp-
tion of Pb2+ from aqueous solution onto P(HEA/IA) hydrogels 
(c0 = 10-520 mg/L, m0 = 0.03 g, volume of solution: 0.05 L, 
pH 5.5, t = 48 h, T = 25 °C) 
Model Parameter P(HEA/2IA) P(HEA/10IA)
Langmuir KL / L g–1 3.39 5.76 
qm / mg g–1 392.20 409.84 
R2 0.9914 0.9927 
Freundlich KF 
mg g–1 (L mg–1)1/n) 
1.98 3.63 
n 1.21 1.28 
R2 0.9915 0.9881 
Redlich–
Peterson 
KR / L g–1 1.34 1.98 
Β 0.89 0.93 
aR / L mol–1 0.0060 0.0016 
R2 0.9984 0.9991 
Temkin KT / L g–1 0.105 0.14 
B  54.62 68.33 
b / J mol–1 45.36 36.26 
R2 0.8635 0.8775 
Dubinin–
Radushkevich 
qm / 106 mg g–1 0.462 0.068 
E / kJ mol–1 0.616 0.72 
β×106 1.32 0.96 
R2 0.8016 0.7983 
Thermodynamic parameters 
The effect of temperature on the removal efficiency 
of Pb2+ was investigated and presented in Table 7. An 
increase in temperature resulted in a decreased of Pb2+ 
sorption on P(HEA/10IA) hydrogel. The decrease of 
sorption of lead ions by the P(HEA/10IA) hydrogel at 
higher temperature indicates that the adsorption is an 
exothermic process. The values of ΔG0 for Pb2+ are 
negative indicating sorption is spontaneous and the 
degree of spontaneity of the reaction decreases with 
the temperature increase. The negative value of ΔH0 
suggests that the sorption processes is exothermic, 
which is supported by the decrease of the sorption of 
metal ions with increase of temperature. The negative 
value of ΔS0 suggest there is a decrease in the random-
ness at the solid-solution interface of Pb2+ and P(HEA/  
/10IA) hydrogel [38]. 
Competitive adsorption study 
The existence of multiple ionic species in the sol-
ution may affect the sorption capacity of hydrogel for  
Table 3. Parameters of the applied kinetic models for sorption of Pb2+ onto P(HEA/IA) hydrogels and correlation coefficients 
(c0 = 10 mg/L; m0 = 0.03 g; volume of solution 0.05 L; pH 5.5; T = 25 °C) 
Sample qe,exp / mg g–1 Pseudo first-order model Pseudo second-order model 
k1 / h–1 qe,cal / mg g–1 R2 k2 / g mg–1 h–1 qe,cal / mg g–1 R2 
P(HEA/2IA) 7.32 0.166 9.14 0.9243 0.855 9.712 0.9707 
P(HEA/10IA) 9.87 0.256 17.94 0.9388 2.314 11.1894 0.9917 
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Table 5. The RL values for the P(HEA/2IA) and  P(HEA/10IA) 
hydrogels at 25 °C 
c0 / mg L–1 P(HEA/2IA) P(HEA/10IA) 
10.00 0.9672 0.9455 
53.13 0.8558 0.7774 
98.72 0.7404 0.6267 
202.24 0.5943 0.4631 
307.53 0.4878 0.3592 
427.11 0.4135 0.2932 
518.06 0.3637 0.2516 
each ion species. In this section, the competitive sorp-
tion behaviour of Pb2+ on the P(HEA/IA) hydrogel was 
evaluated using solutions containing a mixture of 
various metal ions (Pb2+, Ni2+, Cd2+, Cu2+, Zn2+ and Co2+). 
The concentration of all ions was the same (10 mg L–1). 
The results are presented in Fig. 7. The sorption cap-
acity for lead ions decreased under competitive con-
ditions. Also, with the increasing number of various 
metal ions in the system, the sorption of Pb2+ dec-
reased even more. Compared to the results under non- 
-competitive conditions, the sorption capacity of Pb2+ 
decreased by 5.27% in the binary system and by 
11.10% in the system containing three metal ions. The 
reason for sorption decrease could be the competition 
for the chelation sites on the hydrogel and/or a screen-
ing effect by the other metal ions [39]. The results 
showed that through the metal uptake, the sorption of 
Pb2+ was barely affected by the presence of other metal 
ions in the solution.The higher ion selectivity observed 
for Pb2+ might be attributed to the bigger ionic radius 
of Pb2+ (1,19 Å) [37]. 
Table 7. Thermodynamic parameters for sorption of Pb2+ onto 
P(HEA/10IA) hydrogel 
t / °C qe,exp mg/g 
ΔG⁰ 
kJ/mol 
ΔH⁰ 
kJ/mol 
ΔS⁰ 
J/(mol K) 
10 10.04 –0.800 –3.315 –8.785 
25 9.87 –0.721 – – 
50 9.11 –0.454 – – 
Desorption and reusability studies 
The obtained results for Pb2+ desorption from 
P(HEA/IA) hydrogel are presented in Table 8. The Pb2+ 
desorption was increased by increasing in extractant 
concentration. Maximum desorption for Pb2+ was 
achieved at 0.1 M HNO3 and it was found to be 95.2. 
Results of three consecutive adsorption–desorption 
cycles showed that by the end of the third cycle, more 
than 88% of the initial adsorption capacity was obtained. 
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Figure 6. Comparison of five isotherm models applied in this work for the Pb2+ adsorption onto P(HEA/IA) hydrogel. 
Table 6. Comparison of maximum sorption capacities for Pb2+ on different sorbents 
Hydrogel qm / mg g–1 Reference 
HEA/AMPS 76.5 [13] 
HEA/MALA 80.8 [14] 
Fe3O4-P(Cys/HEA) 23.5 [15] 
C-g-AA 825.7 [37] 
Chitosan(chitin)/cellulose composite biosorbents 26.3 [46] 
Magnetic p(AMPS) hydrogels 140.8 [47] 
HEA/2IA 392.2 Present work 
HEA/10IA 409.8 Present work 
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CONCLUSIONS 
In this study, the ability of P(HEA/IA) hydrogels for 
removal of Pb2+ from aqueous solution has been inves-
tigated. FTIR spectra of the investigated hydrogels indi-
cate that –OH and –COOH groups are involved in the 
sorption process. The sorption of Pb2+ on P(HEA/IA) fol-
lowed a pseudo-second-order kinetics and showed the 
best fit with Redlich-Peterson isotherm model. It is 
found that the initial concentration of metal ions, 
solution pH, the adsorbent mass, ionic strength and the 
temperature have significant influence on sorption pro-
cess. The priority order in multi-component adsorption 
was Pb2+ > Cu2+ > Zn2+ > Cd2+ > Ni2+ > Co2+. Desorption 
studies showed that desorption of P(HEA/IA) hydrogel 
is pH dependent and hydrogels can be successfully 
desorbed with 0.1 mol/L HNO3. In addition, hydrogels 
could be reused without significant losses of the initial 
properties after three adsorption-desorption cycles 
performed. Our findings suggest that the P(HEA/IA) 
hydrogel is a favorable sorbent with great potency for 
the removal and recovery of lead ions from waste-
water. 
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IZVOD 
UKLANJANJE Pb2+ IZ VODENIH RASTVORA POMOĆU P(HEA/IA) HIDROGELA 
Katarina M. Antić1, Marija M. Babić1, Jovana S. Vuković1, Antonije E. Onjia2, Jovanka M. Filipović1, Simonida Lj. Tomić1 
1Tehnološko–metalurški fakultet, Univerzitet u Beogradu, Karnegijeva 4, 11000 Beograd, Srbija 
2Institut za nuklearne nauke Vinča, Univerzitet u Beogradu, P.O. Box 522, 11000 Beograd, Srbija 
(Naučni rad) 
Hidrogelovi na bazi 2-hidroksietil-akrilata i itakonske kiseline su sintetisani
polimerizacijom preko slobodnih radikala i ispitana je mogućnost njihove primene
kao sorbenata za uklanjanje Pb2+ iz vodenih rastvora. P(HEA/IA) kopolimeri sa 
različitim udelom itakonske kiseline su karakterisani pomoću DMA, FTIR, DSC, SEM
i AFM analize. Ispitan je uticaj pH, mase sorbenta, jonske jačine, vremena sorpcije
i početne koncentracije jona olova na proces sorpcije. Analizirano je pet modela
adsorpcionih izotermi (Lengmir, Frojndlih, Redlih–Peterson, Tjomkin i Dubinin–
–Raduškevič). Najbolje slaganje sa eksperimentalnim vrednostima pokazuje Red-
lih–Petersonova izoterma. Maksimalni sorpcioni kapaciteti za P(HEA/2IA) i
P(HEA/10IA) hidrogelove su bili 392,2 i 409,8 mg/g, redom. Kinetička analiza sorp-
cije je pokazala najbolje slaganje eksperimentalnih vrednosti sa pseudo-drugim 
redom reakcije. Ispitivanje termodinamičkih parametara je pokazalo da je reakcija
sorpcije olova egzotermna i odigrava se uz smanjenje entropije. Takođe, P(HEA/
/IA) hidrogel je pokazao najveći afinitet prema Pb2+ prilikom sorpcije iz rastvora 
koji je sadržao smešu Cu2+, Zn2+, Cd2+, Ni2+ inCo2+. Eksperimenti sorpcije/desorpcije 
su pokazali da se P(HEA/IA) hidrogel može ponovno koristiti bez značajnih gubi-
taka čak i nakon tri ciklusa sorpcije/desorpcije. 
  Ključne reči: Hidrogel • Itakonska kiselina
• Ponovna upotreba • Uklanjanje olova 
 
